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Description 

Technical Field 

5 This invention relates to electrodeposited coatings, and. more particularly, to such a coating incorporating nickel, 

tungsten, and boron and that has high hardness but low residual stress. 

Background Art 

10 Coatings are widely used to protect substrates in wear-inducing and/or corrosive environments. Amorphous and 

microcrystalllne materials offer promise for use as protective coatings. An amorphous material has no long-range or 
short-range crystallographic order, and therefore no grain boundaries that can preferentially erode or corrode. Micro- 
crystalline (including nanocrystalllne) materials have very small grains, but have been observed to have excellent 
erosion and corrosion resistance. Certain types of amorphous and microcrystalllne materials also exhibit extremely 

15 high hardnesses, making them ideal candidates for protective coatings. 

One approach to depositing amorphous and microcrystalllne materials as protective coatings is to rapidly solidify 
a melt against the substrate to be coated. This rapid solidification approach is practiced for some applications, but not 
for others such as the coating of the ins ides of tubes. 

Another approach is elect rod epos it ion from a bath onto a cathode. One such electrodeposition approach is de- 

20 scribed in US Patent 4,529,668. According to this process, a boron -containing amorphous alloy is deposited from a 
bath containing, for example, ions of tungsten, cobalt, and boron. The resulting tungsten -cobalt-boron compound is 
amorphous with a high hardness wear resistance. It may be deposited on exterior and interior surfaces, uniformly and 
with great control. The approach of the '668 patent has a deposition rate of about 0.001-0.003 inches (0,025 - 0,076 
mm) in eight hours of deposition. This rate is fully acceptable for many applications, but may be too slow for other 

25 coating requirements. 

FR-A-789 883 discloses a method of electrodepositing tungsten alloys starting from an electrolyte comprising 
tungstic anhydride, boric acid, nickel basic carbonate and tartaric acid at a pH of 1 bis 10. There is no special disclosure 
of the amounts of the constituents which is very critical. With the disclosure of this document satisfying deposition rates 

are not attainable. 

30 Thus, there is always an ongoing need for techniques to produce desirable coatings at higher deposition rates. 

The present invention fulfills this need, and further provides related advantages. 

Disclosure of Invention 

35 The present invention provides a process for depositing a nickelAungsten-based coating onto surfaces, and the 

resulting coating and coated articles. Preferably, the coating also contains boron. The coating is amorphous, microc- 
rystalline (including nanocrystalllne). or a mixture of amorphous and microcrystalllne, has high hardness and wear 
resistance, is corrosion resistant, and has low internal residual stress. The coating process is highly efficient, having 
a coating efficiency of over 40 percent. The coating cap be deposited at rates of up to about 0.014 inches (0,355 mm) 

40 in eight hours, over four times the highest rate previously possible for electrodeposited amorphous coatings when 
deposited at comparable temperatures. It may also be deposited at lower rates and at relatively lower temperatures 
that are easier to implement commercially in some cases. The coating is resistant to cracking. 

In accordance with the invention, an electrodeposition process for depositing a nickel-tungsten coating onto a 
substrate includes the steps of preparing an electrodeposition bath comprising in solution from about 0.034X to about 

45 0.047X moles per liter of nickel, from about 0. 1 5X to about 0.28X moles per liter of tungsten, from about 0. 1 3X to about 
0.43X moles per liter of hydroxycarboxylic acid, and 0 or from about 0.077X to about 0.1 5X moles per liter of boron, 
the bath having a pH of from about 6 to about 9, The scaling factor X can range from about 0.67 to about 1 .7. The bath 
constituents are provided from bath additions of sources such as salts. A nickel-tungsten coating is electrodeposited 
onto a substrate from the electrodeposition bath. 

50 The resulting coating has a composition in weight percent of about 60 percent nickel, 39 percent tungsten, and 1 

percent boron. It has a hardness of about 600 HV (Vicker's Hardness) in the as-plated condition, and the hardness 
can be increased to 900-1 1 00 HV by heat treating the deposited coating at a temperature of about 600F for four hours. 
The coating is amorphous, microcrystalline (including nanocrystalllne), or a mixture of amorphous and microcrystalline. 
both when deposited and after heat treating. 

55 The coating of the invention can be deposited on exterior surfaces and also interior surfaces of articles, such as 

the interior bore of a cylinder. It is highly controllable in deposition rate and final characteristics. Deposition and coating 
modifiers such as brightening agents (for example, butyne diol) and wetting agents (for example, sodium lauryl sulfate) 
can be added to the deposition bath, to improve the characteristics of the final coating. 
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The present invention provides an advance in the art of wear-resistant and corrosion-resistant coatings. The coat- 
ings are hard, yet have low residual stress. Amorphous and microcrystalline coatings can be prepared at relatively 
high deposition rates. Other features and advantages of the present invention will be apparent from the following more 
detailed description of the preferred embodiment, taken in conjunction with the accompanying drawings, which lllus- 
s trate, by way of example, the principles of the invention. 

Brief Description of The Drawings 

Figure 1 Is a schematic illustration of a preferred electrodepositlon apparatus for conducting the process of the 
10 invention; 

Figure 2 is a schematic side sectional view of a coated substrate; 

Figure 3 is an X-ray diffraction pattern of a coating that has a mixture of amorphous and nanocrystalline regions; 
Figure 4 Is an X-ray diffraction pattern of a nanocrystalline coating; and 
Figure 5 is an X-ray diffraction pattern of a crystalline coating. 

IS 

Best Mode for Carrying Out The Invention 

As illustrated in Figure 1 , an electrodepositlon process in which the anode is not consumed Is typically accomplished 
in a tank 10 sufficiently large to hold a quantity of an electrodeposition bath 12 containing the elements to be co- 

20 deposited. The tank 10 further contains an anode 14 having a positive potential applied thereto and a cathode 16 
having a negative potential applied thereto, both immersed In the bath 1 2. The potentials are applied by a power supply 
18 having a current capacity sufficient for the size of the cathode 16. In the presently preferred design, the anode 14 
is placed In a sealed anode chamber separated from the remainder of the bath 1 2 by an ion permeable membrane 20, 
in an approach familiar to those in the art. The bath 12 is preferably gently stirred by a stirrer 22, and may also be 

25 mildly agitated by pumping the electrodeposition bath through the tank. Under the influence of the potential applied 
across the anode 1 4 and the cathode 1 6. dissociated positive species migrate toward the cathode 1 6 and are deposited 
thereon, while electrons may be visualized as traveling from the cathode 16 to the anode 14 as the electrodepositlon 
current. 

The structure illustrated in Figure 1 is the presently preferred apparatus for accomplishing the electrodeposition 

30 in accordance with the Invention, but use of the present invention is not limited to this apparatus. Other means for 
electrodepositing the coatings may be utilized. For example, the cathode may become a container for the bath, as, for 
example, where the electrodeposition bath and anode are placed within the container and the negative potential Is 
applied to the container. The coating is thereafter deposited on the inner bore of the cathode/container. A cun/ed or 
irregularly shaped anode may be provided to conform to a curved or irregularly shaped cathode, facilitating the depo- 

35 sitton of a desired coating on the cathode. Such modifications are known to those skilled in the art, and the present 
invention is compatible with such apparatus modifications. 

The structure produced by the present approach is illustrated in Figure 2. A coating 30 of an amorphous-microc- 
rystalline alloy Is deposited onto a surface 32 of a substrate 34. The coating 30 is amorphous, microcrystalline (Including 
nanocrystalline), or a mixture of amorphous and microcrystalline regions. The substrate 34 is made the cathode 16 of 

40 the cell depicted in Figure 1 during the electrodepositlon process. 

The deposition bath 12 is formed from a number of constituents, each selected for its operability in combination 
with the other constituents. The bath includes a source of nickel Ions which may be chosen from a variety of compounds 
such as nickel oxide, nickel carbonate, nickel sulfate, nickel chloride, or combinations thereof. The source of nickel 
preferably provides a nickel concentration in the deposition bath of from about 0.034X to about 0.047X moles per liter, 

45 most preferably about 0.046X moles per liter X is a scaling factor that can vary from 0.67 to 1.7, and Is selected by 
the user of the invention. It is used to scale the amounts of all of the constituents of the deposition bath by the same 
amount, for any particular value of X chosen. 

The bath further Includes a source of tungsten Ions which may be chosen from a variety of compounds such as 
sodium tungstate, ammonium tungstate, ammonium metatungstate, tungstic acid, or combinations thereof . The source 

50 of tungsten preferably provides a tungsten concentration in the deposition bath of from about 0.1 5X to about 0.28X 
moles per liter, most preferably about 0.21 X moles per liter. 

The bath further includes a source of boron which may be chosen from a variety of compounds such as boron 
phosphate, boric acid, or combinations thereof. The source of boron preferably provides a boron concentration in the 
deposition bath of from about 0.077X to about 0.1 5X moles per liter, most preferably about 0. 11 X moles per liter. 

55 The bath further includes a source of a hydroxycarboxylic acid, preferably a citrate or a tartrate, or combinations 

thereof. The source of hydroxycarboxylic acid preferably provides a hydroxycarboxylic acid concentration of from about 
0.1 3X to about 0.43X moles per liter, most preferably about 0.23X moles per liter for a citrate and about 0.29X moles 
per liter for a tartrate. 
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In all cases, the same scaling factor X is used to determine the amount of each constituent of the bath. As an 
example, if the user selected a scaling factor X equal to 1 .4, then the preferred concentration of the source of nickel 
yields a bath nickel content of 0.046 times 1.4 or 0.064 moles per liter; the preferred concentration of the source of 
tungsten yields a bath tungsten content of 0.21 times 1.4 or 0.29 moles per liter; the preferred concentration of the 
s source of boron yields a bath boron content of 0.11 times 1 .4 or 0.15 moles per liter; and the preferred concentration 
of the source of hydroxycarboxylic acid yields a bath hydroxycarboxylic acid content of 0.23 times 1.4 or 0.32 moles 
per liter for a citrate. 

The scaling factor X can vary in the range of from about 0.67 to about 1 .7. If X is outside this range, either sub- 
stantially below or substantially above, the quality of the coating is reduced and becomes unacceptable. Within the 

10 range, the selection of a particular value of X is made to achieve particularly preferred properties. For example, char- 
acteristics such as deposition efficiency, deposition rate, coating adherence, coating strength, and coating corrosion 
resistance vary according to the value of the scaling factor selected. In some instances, improved economics of dep- 
osition are more important than attaining particular physical properties, and in other cases the opposite may be true. 
The Inventors have found that selection of the scaling factor X of 1 .4 yields the best mix of desirable coating properties 

IS and economic deposition for their requirements. 

Bath deposition conditions are generally common to all compositions. The pH of the bath 12 is adjusted to from 
about 6 to about 9 by the addition of a base such as sodium hydroxide or ammonium hydroxide to the bath. The 
temperature of the bath during electrodeposition is preferably about 100F-1 40F. The higher the deposition temperature, 
the faster the rate of deposition. However, a particular advantage of the present invention is that relatively high depo- 

20 sition rates can be achieved even for relatively low temperatures such as 120R The applied voltage between the anode 
14 and the cathode 16 is typically from about 3 to about 8 volts. The current density at the cathode 16 is from about 
0.3 to about 1 .2 amperes per square inch (0,046 - 0,8 A/cm^). ^ 

A most-preferred composition of the electrodeposition bath 12 is about 5.8 grams per liter of nickel carbonate, 
about 70 grams per liter of sodium tungstate, about 53 grams per liter of ammonium citrate monohydrate, and about 

25 6.3 grams per liter of boric acid. The pH is from about 8.4 to about 8.6, and the temperature is about 120F (48,9*'C). 
A secondary most-preferred composition using other sources of species to be deposited is about 13 grams per liter of 
nickel sulfate hexahydrate, about 70 grams per liter of sodium tungstate, about 50 grams per liter of ammonium citrate, 
about 1 2 grams per liter of boron phosphate. The pH is from about 8.4 to about 8.6, and the temperature is about 1 20F 
(48,9"C). In each case, the deposition temperature may be increased to increase the deposition rate of the coating. 

30 A number of plating characteristics are of interest and importance. The deposition rate Is normally preferred to be 

as great as possible, as the process efficiency is directly related to deposition rate. The rate of thickness buildup of 
the coating should be as great as possible, consistent with acceptable plating quality and the required hardness. The 
hardness is related to strength. The hardness tends to predict wear resistance, particularly if the wearing medium is 
no harder than the plating. 

35 Another Important characteristic of the plating is the plating or residual stress in the coating. The lowest residual 

stress Is preferred. When the residual stress is too high, cracking and lifting of the coating from the substrate can be 
experienced. Where adherence of the coating to the substrate is good, cracking may be acceptable in certain appli- 
cations, such as some parts of internal combustion engines. However, where corrosion resistance is required, cracking 
must be avoided completely. 

40 Thus, the preferred electrodeposition bath compositions are those that have deposition rates of at least about 0.4 

grams per ampere-hour at a current density of 0.3 amperes per square inch (0,046 A/cm^), have a plating thickening 
rate of at least 19 micrometers per hour, have a minimum microhardness of at least about 900 HV after a 4 hour oven 
soak at 600F (31 5''C), and exhibit a qualitative plating stress of less than about 30.000 pounds per square Inch (20684 
N/cm2) (tensile) or in certain cases of no more than about 60,000 pounds per square inch (39570 N/cm^) (tensile) even 

4S at large plating thicknesses and high coating hardness. 

A number of samples were prepared and evaluated to establish the limits of the deposition parameters and the 
nature of the results obtained. The following Table I lists the results of these tests. In Table I, column (1 ) Is an Example 
number for reference. Column (2) is the current density during deposition in amperes per square inch. Columns (3)- 
(6) express the electrodeposition bath content. Column (3) is the nickel content expressed as moles per liter of nickel 

50 supplied as either nickel carbonate (c) or nickel sulfate (s) or nickel chloride (1) or a mixture (m) of nickel carbonate 
and nickel chloride. Column (4) Is the tungsten content expressed as moles per liter of tungsten supplied as sodium 
tungstate. Column (5) is the hydroxycarboxylic acid (HCA) content expressed as moles per liter of HCA supplied by 
ammonium citrate (c) or ammonium tartrate (t). Column (6) is the boron content expressed as moles per liter of boron 
supplied by boric acid (ba) or boron phosphate (bp). Column (7) is the pH of the electrodeposition bath. Column (8) is 

55 the temperature of the electrodeposition bath during deposition. Column (9) Is the deposition rate in grams per ampere- 
hour, a measure of electrodeposition efficiency. Column (10) is the hardness of the coating measured In Vicker's Hard- 
ness Number with a 25 gram load, after the substrate and coating have been heat treated for four hours at 600R In 
some cases, incipient cracking of the coating was observed either after deposition or after heat treatment, as indicated 



4 



EP 0 674 725 B1 



by a letter c after the hardness value. Column (11) is the rate of thickness increase of the coating during deposition, 
in micrometers per hour. 

Column (1 2) Is a qualitative coating residual stress index, stated in terms of level 1 , level 2, or level 3 residual 
stress index. To obtain the residual stress index, the coating material was electrodeposited onto one side of a thin strip 

5 of steel about 0.6 inches (1 ,52 cm) wide and 1 .6 inches (4,06 cm) long. If after plating the strip was flat or nearly so, 
the coating was nearly free of residual stress, with a residual stress estimated to be below 30.000 psi (20684 N/cm^ 
(termed Level 1). If after plating the strip had a bowing of about 3-4 millimeters with a residual stress estimated to be 
below 60.000 psi (termed Level 2) (39570 N/cm^). If after plating the strip was bowed more, the residual stress was 
estimated to be above 60,000 psi (termed Level 3). Level 1 residual stress is acceptable for all applications, while level 

10 2 residual stress is acceptable for some applications. Level 3 residual stress is not acceptable for the coating. 

Table I lists acceptable and preferred compositions. The current density in column (2) is given in Ampere/square 
inch which is 0,15 A/cm^. 



Table I 



75 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 




No. 


Curr. 
Dens. 


Ni 


W 


HCA 


B 


PH 


Temp. 


Dep. 
Rate 


Hard. 


Thick. 
Rate 


Resid. 
Stress 




1 


0.3 


.047c 


.21 


.23c 


.lOba 


8.4 


120 


.482 


1033 


23 




20 


2 


0.75 


.047c 


.21 


.23c 


.lOba 


8.4 


120 


.255 


974 


30 






3 


0.48 


.046s 


.21 


.22c 


.12bp 


8.4 


120 


.455 


1003 


32 






4 


1.07 


.046s 


.21 


.22c 


.12bp 


8.5 


140 


.265 


980 


45 






5 


0.3 


.047c 


.21 


.23c 


Hba 


8.6 


120 


.452 


1033 


21.5 




25 


6 


0.3 


.047c 


.21 


.22c 


.10ba 


8.6 


120 


.500 


989 


23.8 






7 


0.3 


.047c 


.21 


.22c 


.10ba 


8.5 


120 


.456 


1064 


21.7 






8 


0.3 


.047c 


.21 


.22c 


.08ba 


8.5 


120 


.483 


1018 


23 


1 




9 


0.3 


.046c 


.21 


.15c 


.lOba 


8.7 


120 


.476 


940 


22.7 






10 


0.3 


.047c 


.21 


.26c 


.lOba 


8.6 


120 


.495 


1033 


23.6 




30 


11 


0.3 


.047c 


.21 


.30c 


.10ba 


8.6 


120 


.459 


953 


21.8 






12 


0.3 


.047c 


.15 


.22c 


.10ba 


8.7 


120 


.443 


940 


21.1 






13 


0.3 


.030c 


.21 


.23c 


.lOba 


8.4 


120 


.400 


920 


19.0 






14 


0.3 


.038c 


.21 


.22c 


.lOba 


8.5 


120 


.403 


1115 


19.2 




35 


15 


0.3 


.054c 


.21 


.22c 


.lOba 


8.5 


119 


.523 


940 


24.9 




16 


0.3 


.065c 


.30 


.31c 


.14ba 


8.5 


120 


.496 


989 


23.6 






17 


0.4 


.065c 


.30 


.31c 


.14ba 


8.4 


120 


.512 


1064 


32.5 






18 


0.5 


.065c 


.30 


.31c 


.14ba 


8.4 


120 


.456 


1049 


36.2 






19 


0.6 


.065c 


.30 


.31c 


.14ba 


8.5 


120 


.408 


1033 


38.5 




40 


20 


0.5 


.079c 


.36 


.38c 


.17ba 


8.5 


120 


.508 


894 


40.3 






21 


0.55 


.079c 


.36 


.38c 


.17ba 


8.4 


120 


.461 


1064 


40 






22 


0.6 


.079c 


.36 


.38c 


.17ba 


8.5 


120 


.442 


974 


41.7 






23 


0.5 


.047c 


.21 


.26t 


lOba 


8.5 


120 


.444 


981 


34.0 




45 


24 


0.3 


.048c 


.21 


.22c 


llba 


8.5 


120 


.434 


946 


19.8 




25 


0.5 


.046c 


.21 


.22c 


.12bp 


6.4 


120 


.251 


1048 


19.0 






26 


0.5 


.077s 


.35 


.37c 


.20bp 


6.5 


121 


.237 


1064 


19.0 






27 


0.3 


.046c 


.21 


.15c 


.lOba 


8.7 


120 


,476 


940 


22.7 





so Of these acceptable examples, nos. 3. 18, 20, and 21 are most preferred. These specimens plate with low stress, 

have a thickness buildup of at least 30 microinches per hour, have a deposition rate of at least 0.45 grams per ampere- 
hour, and have a hardness of at least 900 HV. 
The following Table II lists marginal specimens. 
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Table II 



5 



70 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


01) 


(12) 


No, 


Curr. 


Ni 


W 


HCA 


B 


PH 


Temp. 


Dep. 


Hard. 


Thick. 


Resld. 




Dens. 














Rate 




Rate 


Stress 


28 


0.3 


.047c 


.21 


.22c 


.15ba 


8.7 


120 


.448 


946 


21.3 


2 


29 


0.3 


.047c 


.21 


.23c 


.03ba 


8.6 


120 


.492 


882 


23.4 


1 


30 


0.3 


.047c 


.21 


.23c 


0 


8.5 


120 


.509 


894 


24.3 


1 


31 


0.3 


.047c 


.27 


.22c 


.lOba 


8.6 


120 


.460 


974 


21.9 


2 


32 


0.3 


.047c 


.28 


.29c 


.lOba 


8.6 


120 


.403 


985 


19.2 


2 


33 


0.3 


.047c 


.21 


.22c 


.lOba 


9.1 


120 


.447 


938 


21.0 


2 


34 


0.3 


.047c 


.21 


.22c 


.10ba 


9.0 


100 


.390 


870 


18.6 


1 



IS 

The samples In the marginal group generally electroplate well, but show medium levels of residual stress or are 
low in the rate of thickness buildup, deposition rate, and/or hardness. Generally, as the composition or deposition 
conditions depart further from the preferred ranges, more than one parameter deteriorates. In example 28, with boron 
at the high end, the residual stress increases and the hardness is moderate. In examples 29 and 30, with boron at the 

20 low end, the hardness falls to barely acceptable levels. The absence of boron in example 30 causes the sample to 
become nance rystal line rather than amorphous. The high tungsten level of example 31 results in increased residual 
stress in the coating. The elevated tungsten and hydroxycarboxylic acid levels of example 32 result in reduced depo- 
sition rate and rate of thickness increase, as well as increased residual stress. The high pH of example 33 causes 
increased plating stress and moderated hardness. The reduced plating temperature of example 34 lowers the depo- 

25 sition rate and rate of thickness buildup, and reduces the hardness significantly 

Table ill lists unacceptable electrodeposition bath compositions and/or conditions. 



Table III 



35 



40 



45 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


No. 


Curr. 


Ni 


W 


HCA 


B 


pH 


Temp. 


Dep. 


Hard. 


Thick. 


Resld. 




Dens. 














Rate 




Rate 


Stress 


35 


0.7 


.047c 


.21 


.22c 


.lOba 


8.4 


160 


.398 


946 


44.3 


2c 


36 


0.3 


.055c 


.21 


.22c 


.lOba 


8.6 


120 


.520 


824 


24.8 


2 


37 


0.3 


.064c 


.21 


.22c 


.lOba 


8.5 


120 


.521 


858 


24.8 


3 


38 


0.3 


.039c 


.21 


.22c 


.lOba 


8.6 


120 


.374 


960 


17.8 


2 


39 


0.3 


.035c 


.21 


.22c 


.075ba 


8.6 


120 


.401 


803 


19.1 


1 


40 


0.3 


.047c 


.21 


.23c 


.016ba 


8.6 


120 


.492 


790 


23.4 


3 


41 


0.3 


.047c 


.21 


.23c 


.05ba 


8.5 


120 


.494 


835 


23.5 


1 


42 


0.3 


.047c 


.21 


.22c 


.lOba 


8.4 


140 


.507 


782 


24.2 


3c 


43 


0.5 


.032c 


.14 


.17t 


.07ba 


8.9 


120 


.239 


960 


19.0 


2 


44 


0.8 


.032c 


.14 


.17t 


.07ba 


8.9 


180 


.445 


907 


35.3 


2 


45 


0.3 


.030c 


.21 


.22c 


.lOba 


8.5 


120 


.336 


1003 


16.0 


1 



Example 35 demonstrates that increasing the current density and temperature produces a marginal deposition 
rate and results in high stress and cracking of the coating. As shown in examples 36 and 37, increased nickel content 
results in low hardness and increasing residual stress. Low nickel content results in low deposition rate and low rate 
of thickening, and increased stress, as shown in example 38. Example 39 shows that low nickel and boron produce a 
coating having a low hardness. A very low boron content is worse than no boron, since the residual stress Is very high 
and the hardness is low, example 40. 

A low boron content results in improved, but still low, hardness, example 41. Example 42 shows that lower depo- 
sition temperature yields an acceptable deposition rate, but high residual stress in the coating and low hardness. In 
example 42, a lower concentration bath with tartrate as the hydroxycarboxylic acid produces a low deposition rate and 
high residual stress. Example 44 utilizes a high deposition temperature and current density to improve deposition rate 
and rate of thickening, but also results in a high residual stress. Operation at 180F is also more difficult than at lower 
temperatures. Example 45 illustrates the effect of excessively low nickel content. The deposition rate and the rate of 
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thickness buildup of the coating are very low. 

Figure 3 Is an X-ray diffraction pattern, using copper K-alpha radiation, of the coating of Example 24, a mixed 
amorphous and nanocrystalline coating. There is a short, wide peak at about 44 degrees two-theta. corresponding to 
nearest neighbor diffraction, and a broad secondary peak at 70-80 degrees two-theta, corresponding to second-nearest 

5 neighbor diffraction. This X-ray diffraction structure is to be contrasted with that of Figure 4, for the coating of Example 
30. This coating has a nanocrystalline structure. There Is a first crystalline peak at about 44 degrees two-theta and a 
second crystalline reflection at about 50 degrees two-theta due to (21 1 ) reflections. A further peak is found at 75 degrees 
two-theta. The principal peak is nominally 1 .5 degrees wide at half height, corresponding to a crystallite size of about 
7 nanometers. Figure 5, presented for comparison, is the X-ray diffraction pattern of Example 45, which is fully crys- 

10 talline and has sharp X-ray diffraction peaks. 

Although particular embodiments of the invention have been described in detail for purposes of illustration, various 
modifications may be made without departing from the scope of the invention. Accordingly, the invention is not to be 
limited except as by the appended claims. 

IS 

Claims 

1 . An electrodeposition process for depositing a nickel-tungsten coating onto a substrate, comprising the steps of: 

20 preparing an electrodeposition bath comprising in solution 

from about 0.034X to about 0.047X moles per liter of nickel, 
from about 0.1 5X to about 0.28X moles per liter of tungsten, 
from about 0.1 3X to about 0.43X moles per liter of hydroxycarboxylic acid, and 
^5 boron in an amount selected from the group of zero boron and from about 0.077X to about 0.1 5X moles 

per liter of boron, 

where X is a scaling factor that can range from about 0.67 to about 1 .7 and the bath has a pH of from about 
6 to about 9; and 

30 electrodepositing a coating onto a substrate from the electrodeposition bath. 

2. The process of claim 1 , wherein the bath has a composition of about 0.046X moles per liter of nickel, about 0.21 X 
moles per liter of tungsten, about 0.23X moles per liter of hydroxycarboxylic acid, and about 0. 11 X moles per liter 
of boron. 

35 

3. The process of claim 1 , wherein the nickel is supplied by a nickel-containing constituent selected from the group 
consisting of nickel carbonate, nickel sulfate, nickel chloride, nickel oxide, and combinations thereof. 

4. The process of claim 1, wherein the tungsten Is supplied by a tungsten-containing constituent selected from the 
40 group consisting of sodium tungstate, ammonium tungstate, ammonium meta tungstate, tungstic acid, and com- 
binations thereof. 

5. The process of claim 1 , wherein the hydroxycarboxylic acid is supplied by a constituent selected from the group 
consisting of ammonium citrate and ammonium tartrate. 

45 

6. The process of claim 1 , wherein the boron is supplied by a constituent selected from the group consisting of boric 
acid, boron phosphate, and combinations thereof. 

7. The process of claim 1 , wherein the step of electrodepositing is accomplished at a temperature of from about 1 0OF 
so to about 1 40F (38*C to 60*C). 

8. The process of claim 1 . wherein the step of electrodepositing is accomplished at a cathodic current density of from 
about 0.3 amperes per square inch to about 1.2 amperes per square inch (0,046 - 0,186 A/cm^). 

ss 9. The process of claim 1 , including the additional step, after the step of electrodepositing, of 

heating the coated substrate to a temperature of from about 400F to about 700F (204"C to 37rC). 

10. The process of claim 1 , wherein the electrodeposition bath further comprises a substance selected from the group 
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consisting of a leveling agent, a brightening agent, and a wetting agent. 

11. The process of claim 1 , wherein 

the nickel being provided by a bath addition of a nickel-containing constituent selected from the group con- 
sisting of nickel carbonate, nickel sulfate, nickel chloride, nickel oxide, and combinations thereof, 
the tungsten being provided by a bath addition of a tungsten-containing constituent selected from the group 
consisting of sodium tungstate, ammonium tungstate, ammonium meta tungstate, tungstic acid, and combi- 
nations thereof, 

the hydroxycarboxylic acid being provided by a bath addition of a hydroxycarboxylic acid<:ontalning constituent 
selected from the group consisting of ammonium citrate and ammonium tartrate, and 
the boron being provided by a bath addition of a boron-containing constituent selected from the group con- 
sisting of boric acid, boron phosphate, and combinations thereof. 

12. A substrate having a coating prepared by the process of claim 1 . 



Patentanspruche 

1 . Galvanisches Abscheidungsverfahren zum Erzeugen eines Nickel-Wolf ram-Uberzugs auf einem Substrat, mit fol- 
genden Schritten: 

Vorbereiten eines galvanlschen Abscheidebades, das in Losung etwa 0,034 X bis etwa 0,47 X Mol pro Liter 

Nickel, etwa 0,1 5X bis etwa 0,28X Mol pro Liter Wolfram, etwa 0,1 3X bis etwa 0,43X Mol pro Liter Hydroxy- 
Karbonsaure, und Bor in einer Menge enthalt, die aus der Gruppe von null Bor und von etwa 0,077X bis etwa 
0,1 5X Mol pro Liter Bor ausgewahit ist, wobei X ein Normierungsfaktor ist, der von etwa 0.67 bis etwa 1,7 
reichen kann, und das Bad einen pH-Wert von etwa 6 bis etwa 9 besitzt, und 
galvanisches Abscheiden eines Uberzugs auf ein Substrat aus dem galvanlschen Abscheidebad. 

2. Verfahren nach Anspruch 1 , dadurch gekennzeichnet, dass das Bad eine Zusammensetzung von etwa 0,046X 
Mol pro Liter Nickel, etwa 0.21 X Mol pro Liter Wolfram, etwa 0,23X Mol pro Liter Hydroxykarbonsaure und etwa 
O.IIX Mol pro Liter Bor. 

3. Verfahren nach Anspruch 1 . dadurch gekennzeichnet, dass das Nickel durch einen Nickel enthaltenden Bestandteil 
zugefuhrt wird, der ausgewahit ist aus der Gruppe aus Nickelkarbonat, Nickelsulfat, Nickelchlorid, Nickeloxtd und 
Kombinationen davon. 

4. Verfahren nach Anspruch 1 , dadurch gekennzeichnet, dass das Wblfram durch einen Wolfram enthaltenden Be- 
standteil zugefuhrt wird, der ausgewahit ist aus der Gruppe aus Natriumwolframat, Ammoniumwolframat, Ammo- 
niummetawolframat, Wolframsaure und Kombinationen davon. 

5. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass die Hydroxykarbonsaure durch einen Bestandteil zu- 
gefuhrt wird, der ausgewahit aus der Gruppe. die Ammoniumcitrat und Ammoniumtartrat aufweist. 

6. Verfahren nach Anspruch 1, dadurch gekennzeichnet. dass das Bor durch einen Bestandteil zugefuhrt wird, der 
aus der Gruppe ausgewahit ist, die Borsaure, Borphosphat und Kombinationen davon aufweist. 

7. Verfahren nach Anspruch 1 , dadurch gekennzeichnet, dass der Schritt der galvanischen Abscheidung bei einer 
Temperatur von etwa 100F bis etwa 140F (38**C bis 60*C) erreicht wird. 

8. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der Schritt der galvanischen Abscheidung bei einer 
Kathodenstromdichte von etwa 0,3 Ampere pro Quadratinch bis etwa 1 ,2 Ampere pro Quadratinch (0,046 bis 0, 1 86 
A/cm2) ausgefuhrt wird. 

9. Verfahren nach Anspruch 1, mit einem nach dem Schritt der galvanischen Abscheidung folgenden zusatzlichen 
Schritt des Erwarmens des mit dem Uberzug versehenen Substrats auf eine Temperatur von etwa 400 F bis etwa 

700F(204'»C bis 37rC). 
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10. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das gatvanische Abscheidebad ferner eine Substanz 
aufweist, die aus der Gruppe ausgewahit ist, die ein Egalierungsmittel, ein Aufliellungsmittel und ein Spuimittel 
aufweist. 

11. Veilahren nach Ansprucli 1, dadurcii gekennzeichnet, dass das Nickel durch einen Badzusatz eines Nickel ent- 
haltenden Bestandteiles vorgesehen wird, 

der aus der Gruppe ausgewahit ist, die Nickelkarbonat, Nickelsulfat, Nickelchlorid, Nickeloxid und Kombina- 
tionen davon aufweist, 

dass das Wolfram durch einen Badzusatz aus einem Wolfram enthaltenden Bestandteil vorgesehen wird, der 
aus der Gruppe ausgewahit wird, die Natriumwolfranfiat. Ammoniumwolframat, Ammoniummetawolframat, 
Wolframsaure und Kombinationen davon aufweist, 

dass die Hydroxy karbonsau re durch einen Badzusatz aus einem Hydroxy karbonsau re enthaltenden Bestand- 
teil vorgesehen wird, deraus der Gruppe ausgewahit wird, die Ammoniumcitrat und Ammoniumtartrat aufweist, 
und dass das Bor durch einen Badzusatz aus einem Bor enthaltenden Bestandteil vorgesehen wird, der aus 
der Gruppe ausgewahit ist, die Borsaure, Borphosphat und Kombinationen davon aufweist. 

12. Substrat mit einem nach dem Verfahren nach Anspruch 1 hergestetlten Uberzug. 



Revendications 

1. Proc6d6 d'6lectrod6position, pourd^poser un revdtement nickel-tungst^ne sur un substrat, comprenant les stapes 
de: 

preparer un bain d'^iectrod^position comprenant en solution : 

* entre environ 0,034X et environ 0,047X mole par litre de nickel, 

* entre environ 0, 1 5X et environ 0,28X mole par litre de tungstene, 

* entre environ 0.1 3X et environ 0,43X mole par litre d'acide hydroxycarbonique, et 

* du bore dans une quantite choisie panmi le groupe de bore zero et depuis environ 0,077X jusqu'^ environ 
0,1 5X mole par litre de bore, ou X est un facteur d'^chelle qui peut dtre compris entre environ 0,67 et 
environ 1,7, et le bain ayant un pH depuis environ 6 jusqu'd environ 9; et 

effectuer une electrodeposition d'un revetement sur le substrat depuis le bain d'electrodeposition. 

2. Procede selon la revendicatlon 1 , caracterlse en ce que le bain presente une composition d'environ 0,046X mole 
par litre de nickel, environ 0,21 X mole par litre de tungstene, environ 0,23X mole par litre d'acide hydroxycarbo- 
nique, et environ 0,11 X mole par litre de bore. 

3. Procede selon la revendication 1, caracterise en ce que le nickel est fourni depuis un constituant contenant du 
nickel choisi parmi le groupe contenant du carbonate de nickel, du sulfate de nickel, du chlorure de nickel, de 
I'oxyde de nickel, et des combinaisons de ces demiers. 

4. Proc6d6 selon la revendicatlon 1 , caract6ris6 en ce que le tungstene est fourni ^ partir d'un constituant contenant 
du tungstdne et choisi parmi le groupe consistant en du tungstate de sodium, du tungstate d'amonium, du m6ta 
tungstate d'amonium, de I'acide tungstique. et des combinaisons de ces derniers. 

5. Proc^dd selon la revendication 1 , caract6ris6 en ce que Tacide hydroxycarbonique est fourni par un constituant 
choisi parmi le groupe consistant en du citrate d'amonium et du tartrate d'amonium. 

6. Proc6d6 selon la revendication 1 , caract6ris6 en ce que le bore est fourni par un constituant choisi parmi le groupe 
consistant en de I'acide borique, du phosphate de bore, et des combinaisons de ces derniers. 

7. Procddd selon la revendication 1 , caractdrisS en ce que I'dtape d'electrodeposition est realisde d une temperature 
d'environ 100'F jusqu"& 140'F (38*C jusqu'^ SO'C). 

8. Proc6d6 selon la revendication 1 , caracteris6 en ce que retape d'6lectrod6position est r6alis6e avec une density 
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de courant cathodique d'environ 0,3 ampere par pouce carr6 jusqu'^ environ 1,2 ampere par pouce carr^ (0,046 
- 0.186 A/cm2). 

9. ProcSdd salon la revendication 1 , incluant I'^tape additionnelle, apr^s I'^tape d'^lectrod6position, de chauffage du 
s substrat revetu, a une temperature entre environ 400°F jusqu'^ yOC^F (204°C jusqu'a 371 °C). 

1 0. Proc^d^ selon la revendication 1 , caract6ris6 en ce que le bain d'6lectrod6posltion comporte de plus une substance 
cholsie parmi le groupe consistant en un agent de nivellement, un agent d'avivement, et un agent mouillant. 

10 11. Proc6d6 selon la revendication 1 , caract6ris6 en ce que le nickel est fourni par un additif de bain d'un constituent 
du nickel choisi parmi le groupe consistant en du carbonate de nickel, du sulfate de nickel, du chiorure de nickel, 
de Toxyde de nickel et des combinalsons de ces derniers. en ce que le tungstene est fourni par un additif de bain 
d'un constituant contenant du tungstdne choisi parmi le groupe consistant en du tungstate de sodium, du tungstate 
d'amonium, du meta tungstate d'amonium, de I'acide tungstique et des combinaisons de ces derniers, et en ce 

IS que I'acide hydroxycarbonique est fourni par un additif de bain d'un constituant contenant de I'acide hydroxycar- 

bonlque choisi parmi le groupe consistant en du citrate d'amonium et du tartrate d'amonium, et en ce que le bore 
est fourni par un additif de bain d'un constituant contenant du bore choisi parmi le groupe consistant en de I'acide 
borique, du phosphate de bore et des combinaisons de ces derniers. 

20 12. Substrat comportant un revdtement pr6par6 selon le proc6d6 de la revendication 1 . 
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